Extraordinary optical transmission is observed due to the excitation of surface plasmon polaritons (SPPs) in 2-Dimensional hexagonal anti-dot patterns of pure Ni thin films, grown on sapphire substrates. A strong enhancement of the polar Kerr rotation is recorded at the surface plasmon related transmission maximum. Angular resolved reflectivity measurements under an applied field, reveal an enhancement and a shift of the normalized reflectivity difference upon reversal of the magnetic saturation (transverse magneto-optical Kerr effect-TMOKE). The change of the TMOKE signal clearly shows the magnetic field modulation of the dispersion relation of SPPs launched in a 2D patterned ferromagnetic Ni film. Magneto-plasmonics offer unique possibilities to manipulate light by the use of external magnetic fields.
Magneto-plasmonics offer unique possibilities to manipulate light by the use of external magnetic fields.
1-4
The prevailing choice of materials for fabrication of magneto-plasmonic structures has been combined structures of noble and magnetic metals / dielectrics, such as Au and Co / Iron garnet. 1, 5, 6 The basic idea behind this choice is the combination of the large plasmon activity of noble metals with the magnetic functionality provided by the additional materials. Another reason for the use of noble metals is the excellent resistance to oxidation, which is required to obtain durable patterned thin films. Ni is an interesting candidate in this context as it forms a thin and self-passivating oxide layer (approximately 1nm). 7, 8 Furthermore, the magneto-optical activity of Ni-based nano-patterns can be enhanced by the presence of surface plasmon polaritons (SPPs).
9-13
The magnetic field can provide the means for control of SPPs, as been predicted for noble metals, 14 and has been explored experimentally in hybrid structures.
2,5,6
Early studies on this effect were targeted towards semiconductor-based SPPs 15 but not in metallic systems, where high magnetic fields are required. 16 In pure magnetic materials the need for high fields is not present as the magneto-optical effects are sufficiently strong.
In this letter we discuss the influence of an external magnetic field on the SPPs for the case of a pure magnetic metal, such as Ni, patterned in two-dimensions (2D) on a transparent substrate. We examine to what extent the ferromagnetic Ni can be used as host material for SPPs. We show that the magnetic field induces a modulation of the dispersion of SPPs excitation in Ni.
A Ni anti-dot sample was prepared on a double side polished Al 2 O 3 [1120] substrate. The patterning was accomplished by the use of self-organization of colloidal polystyrene beads as shadow masks.
9 A 30 nm thick Ni film was deposited on the masked sapphire substrate, using electron-beam evaporation. A snapshot of the procedure is illustrated in Fig. 1 , where both the shadow mask and the resulting holes are clearly seen. This process re- sulted in a well defined Ni layer, decorated by holes of a diameter d = 300 nm, spaced on an hexagonal lattice of periodicity of a = 450 nm. The ratio of the radius to pitch size was determined to be πd 2 /(2 √ 3a 2 ) = 0.40, leaving a total surface for the Ni film of 60 %, with respect to the substrate area.
Magneto-optic spectra were recorded using a magnetooptic Kerr spectrometer operating in the polar configuration with an angle of incidence of 4°and a maximum applied magnetic field of 1.7 T. The range in recorded wavelength is 250 − 1000 nm. Angular dependent zero-order reflectivity curves (θ − 2θ) were obtained using a dedicated optical diffractometer (HUBER MC 9300), with a step resolution of 1/1000 degree and a laser wavelength of λ = 660 nm 9 . A magnetic field up to 42 mT can be applied, using a quadrupole air coil magnet, which is mounted on the sample rotation stage of the goniometer. Fig. 2 (a) shows the experimental and (b) the calculated transmission and polar Kerr rotation spectra for the sample. The calculations have been made using the scattering formalism described in Ref. 17 , using the optical and magneto-optical elements of the dielectric tensor given in Ref. 18 , extended with those of Ref. 19 to include energies below 1.5 eV.
The experimental transmission curve in Fig. 2 (a) exhibit several maxima. The calculated one in Fig. 2(b) shows a similar shape like in the experiment. If SPP modes are involved, then the energies at which the maxima appear must be close to the energies corresponding to the so called Bragg plasmons (SPPs modes coupled to the lattice periodicity). The calculated dispersion relation of those Bragg plasmons is presented in Fig. 2(c) finding a fair match for the transmission maxima. As we move to higher frequencies the absorption plays more and more a significant role and that implies a shift and a widening of the resonance peaks. In addition as we can see from Fig. 2(c) , at higher frequencies, modes from the upper and lower interface begin to mix resulting in an overlapping of different resonances. Additional calculations (not shown) revealed that the coupling between the so-called low-index and the high-index plasmons at each interface is negligible.
The overlap of the overall transmission maxima and the enhancement of the Kerr rotation, further prove the existence of SPPs in the sample.
3,4,9 The first peak in transmission records an intensity of ∼ 36 % (after substrate corrections). Although it is expected the plasmon losses in Ni to be large, we have a clear indication of a strong SPP resonance. The propagation length of SPPs in Ni at 1.6 eV 20 is calculated to be 840 nm and decreases strongly with increasing energy, resulting in low transmission values as in Fig. 2(a) . Transmission minima are related to so-called Wood-Rayleigh anomalies. 21 In a good metal the spectral location of the Wood-Rayleigh anomaly is close to the condition for SPPs excitation on a metal-dielectric interface. In our case, plasmon excitation occurs at slightly smaller energies (larger wavelengths) than the appearance of a diffracted beam. As a result maxima and minima are close to each other.
Angular resolved reflectivity measurements are also a way to explore the effect of SPPs in anti-dot structures.
9
In Fig. 3(a) (left y-axis) we present angular reflectivity measurements at a wavelength of λ = 660 nm for ppolarized light. This corresponds to the region in between the first transmission maximum in Fig. 2(a) and the transmission minimum, or in other words around a region with a large variation of T(λ). The data were obtained having the hexagonal pattern aligned with one of its major symmetry axes (Γ K) parallel to the scattering plane. The trough in reflectivity at 42°is a signature of surface plasmons excitations. The minimum in reflectivity is close to the theoretical value for the Bragg plasmon at that specific frequency (∼ 1.85 eV), as shown by the horizontal line in Fig. 2(c) . The width of the reflection minimum is broader than those for noble metals due to the higher absorption losses of Ni. There is an additional broadening due to the ratio of the hole depth (30 nm) to the hole diameter (300 nm). If the ratio is close to unity the features are sharper than for lower ratios.
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In order to investigate any influence of the magnetic field on the SPPs resonances, the transverse magnetooptic Kerr effect (TMOKE) can be a very useful tool. The orientation of the magnetic field with respect to the SPPs propagation direction and the light polarization is of key importance 2,5 defining the magnitude of the magnetic field -SPPs interaction. TMOKE is defined as the magnetization modulated intensity difference of the reflected light:
The applied magnetic field lies in the plane of the film and perpendicular to the plane of incidence (and in our case also perpendicular to the SPPs propagation along the Γ K direction). In this configuration the magnetic field influences only the optical reflectivity. The size of the applied magnetic field was 20 mT, enough for the magnetic saturation of the sample. Worth noticing, is that the magnetization of the Ni nano-patterned film lies in the film plane (saturation field of 14 mT for the transverse case) while a high field of 0.45 T is needed to saturate the sample out of plane.
The application of a transverse field induces a small change in the position of the minimum and the width of the resonant position of the SPPs, and a variation of the intensity of the overall reflectivity (see Fig. 3(b) ). In the case of a ferromagnetic dielectric film 2, 22 or Co layer 5 covered by a thin smooth/or perforated noble metal a transverse applied field shifts the plasmon related reflectivity (transmission) minimum (maximum) and an enhanced TMOKE appears. A similar behavior is observed here in the Ni film, having a 2D nano-pattern without the support of a noble metal. The TMOKE signal presented as a red square-line in Fig. 3 (a) appears shifted with regards to the reflectivity minimum and enhanced compared to the featureless TMOKE (not shown) response of a 30 nm thick continuous reference Ni film. The enhancement can be attributed to the proximity of the used wavelength (λ = 660 nm) to the plasmonic resonances at the metal/air interface (see Fig. 2(b) ). TMOKE is featureless when away from the excitation region. We can understand this behavior if we consider that TMOKE can be approximated as the product of two terms: 16 one is the frequency derivative of the reflection (transmission) spectrum and the other is the magnetic field induced frequency shift. Hence, TMOKE is expected to be enhanced near the SPPs resonant wavelength even for the case of smooth interface as it has been observed in continuous thin films of Ni in early works.
23
To get further insight we have performed numerical simulations of the reflectivity and of the TMOKE signal, using a recently developed formalism that uses the scattering matrix approach adapted to deal with arbitrary orientations of the magnetization, 24 using the same elements for the dielectric tensor as for the Polar Kerr effect. The simulated results depicted in Fig. 4(a) are in very good agreement with the experimental findings. Moreover, in Fig. 4(b) we show the evolution of the reflectivity minimum and the TMOKE maximum as a function of the in-plane angle. As one can see, the position of these two features follows nicely the dispersion relation of the relevant Bragg plasmon, which is shown as a dashed line in both panels. This clearly shows that the plasmon excitation is responsible for these two features. Furthermore, Fig. 4(b) shows that outside the excitation region the reflectivity and TMOKE signals are featureless and the system behaves as a uniform medium made of a mixture of Ni and air.
In summary, we have shown that a Ni thin film patterned in a 2D hexagonal antidot array supports the excitation of SPPs both at the air/Ni interface and Ni/substrate interface. Transmission and reflection measurements reveal the excitation of SPPs with broader resonances due to the high damping of SPPs in ferromagnets. The dispersion relation of SPPs defined by the hexagonal pattern can be modified with an application of a transverse magnetic field as the TMOKE modulated reflectivity signal reveals. The enhancement and the shift of TMOKE curve is significant and can be altered by the incoming wavelength and angle of incidence. These effects pave the road for the development of new optical components and sensors with great application potential.
